Background: Multiple myeloma (MM), a plasma cell malignancy, is the most common cancer to involve the skeleton. Skeletal related events such as pathologic fractures and lytic bone lesions have been associated with poor prognosis. Whole body multidetector computed tomography (WBCT) has been shown to be the most sensitive imaging modality in detecting small osteolytic lesions (< 5 mm) in the spine. The significance of lytic lesions detected only by CT is unknown as is their impact on overall survival of MM. The aim of this study was to evaluate the impact of lytic bone lesions seen only by WBCT on progression free survival (PFS) and overall survival (OS) in MM patients after hematopoietic cell transplantation (HCT).
Introduction
Multiple myeloma (MM), a clonal plasma cell malignancy, is the second most common hematologic malignancy and the most common cancer to involve the skeleton [1, 2] , 90% of patients will develop lytic bone lesions in the course of their disease with 80% presenting at diagnosis with lytic bone lesions detected by conventional radiographic skeletal survey (CSS) [3] , 15% of MM patients present with osteopenia and osteoporosis [3] . These lesions cause significant morbidity with vertebral compression fractures and pathologic fractures in 60% of patients as well as hypercalcemia [3, 4] . Skeletal related events such as pathologic fractures and lytic bone lesions have been associated with poor prognosis [5] .
Lytic bone lesions as detected by CSS are used as criteria for diagnosis of symptomatic MM and for staging. The Durie-Salmon (DS) staging system was introduced in 1975 and is based on serum levels of hemoglobin, calcium and monoclonal protein as well as the presence or absence of lytic bone lesions as assessed by CSS [6] . The DS staging system has been found to correlate with patient survival and tumor mass [6] . The International Staging System (ISS) introduced in 2005 is based on the serum β-2 microglobulin and albumin [7] . The International Myeloma Working Group (IMWG) includes hypercalcemia, renal insufficiency, anemia and lytic bone lesions as assessed by plain radiographs (CRAB) in the related organ or tissue impairment (ROTI) to diagnose symptomatic MM and as an indication for therapy [8, 9] . This is based on studies showing at least one lytic le-
Characteristics
Group 1 (n = 41) Group 2 (n = 31) sion on CSS in MM patients is associated with a median time to progression of 10 months [9] . IMWG consensus guidelines recommend CSS as the gold standard for evaluating myeloma bone disease; however spinal and pelvic magnetic resonance imaging (MRI) can be used to give complementary information to plain radiography and is recommended in all patients with solitary plasmacytoma [10] . Either MRI or computed tomography (CT) of the spine is the procedure of choice to assess spinal cord compression [10] . Recently the whole body multidetector computed tomography (WBCT) has been shown to be more sensitive in detecting small osteolytic lesions of the spine (< 5 mm) as compared to whole body MRI and 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) [11, 12] . This is due to the higher z axis resolution of the high quality real time 3-dimensional images and multiplanar images of WBCT which can better evaluate the extent of osteolytic bone lesions [11] . The significance of lytic lesions detected only by CT is unknown as is their impact on overall survival. It is also unknown whether lytic lesions detected only by CT can be included in the definition of symptomatic MM and as an indication for therapy.
In our institution, both WBCT and CSS have been used to evaluate MM bone disease during the pre transplant evaluation. The aim of this study was to assess the differences 
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Materials and Methods
A retrospective study of MM patients referred to the University of Florida, Bone Marrow Transplant program for transplant evaluation was conducted to identify patients who had both CSS and WBCT. Between January 2005 and December 2008, we identified 72 consecutive MM patients treated by initial hematopoietic peripheral blood stem cell transplantation who had had both CSS and WBCT during their pre transplant evaluation, within 30 days of the first autologous HCT. The aim of this study was to assess the differences between these two imaging techniques in the detection of myelomatous bone disease and to evaluate the impact of these differences on PFS and OS after HCT. The study was approved by the institutional review board at the University of Florida. A musculoskeletal radiologist with over 25 years experience reviewed each WBCT and CSS.
Conventional skeletal survey
A complete radiographic skeletal survey was performed according to the IMWG guidelines: a posteroanterior view of the chest; anteroposterior and lateral views of the cervical spine (including open mouth view), thoracic spine, lumbar spine, humeri and femora bilaterally; anteroposterior and lateral views of the skull; and an anteroposterior view of the pelvis [10] . Our institutional protocol also included anteroposterior radiography of the forearms and calves bilaterally. The total imaging time was 30 minutes. Myelomatous bone disease was defined as: 1) lytic "punched out" lesions on radiography; 2) endosteal scalloping or discrete small lytic lesions (< 1 cm); 3) mottled, demineralized areas without discrete lesions.
Whole body multidetector computed tomography
All patients were examined supine with a Siemens Sensation 16 or Toshiba Aquilon 64 helical multidetector CT scanner. The area scanned was from the vertex of the skull through the feet with 5 mm section thickness with additional 2 mm sections reconstructed at 1 mm intervals through the vertebral column and reformatted in sagittal and curved coronal planes to look for compression fractures. algorithm, and were viewed on picture archiving and communication system (PACS) workstations. Myelomatous bone disease on CT was defined as: 1) Large, lytic "punched out" or expansile bony lesions; 2.) discrete small lytic lesions (< 1 cm); 3) A diffusely permeative pattern of rarefaction in the axial skeleton, sometimes appearing as diffuse osteopenia; 4) Pathologic fracture; 5) Discrete, homogeneous soft tissue attenuation intramedullary lesions (with or without endosteal scalloping) in the proximal appendicular skeleton that could not be attributed to hematopoietic bone marrow.
Statistical analysis
For the purposes of this study, patients were divided into the following groups: Group 1: Patients who had more myelomatous bone disease detected on WBCT than CSS; Group 2: Patients without any differences between CSS and WBCT in the detection of myelomatous bone disease; Group 3: Patients without any myelomatous bone disease detected by either modality; Group 4: Patients with myelomatous bone lesions detected by WBCT but not by CSS; Group 5: patients in groups 3 and 4 together. Comparisons were carried out using the chi-square test for categorical variables and the non-parametric Mann-Whitney test for the continuous variables. The Cox proportional hazard model was used to conduct univariate and multivariate survival analyses. A P value of .05 or less was considered statistically significant. The patients in each group 1 through 5 were compared for PFS and OS using the Kaplan-Meier method. The survival curves were compared using the log rank test. Patient and disease characteristics were collected as outlined in Table 1 . OS was defined as the time elapsed from the first autologous HCT until death from any cause or at the last time of contact. PFS was defined as the time between first autologous HCT and first disease relapse, progression or last contact.
Results
The 72 MM patients who had both CSS and WBCT performed within 30 days of the first autologous HCT are listed in Table 1 with their disease characteristics and treatment details. Forty one patients (57%) were in group 1 and had more findings on WBCT than CSS; 31 patients (43%) were in group 2 and had no differences in the two imaging techniques; 9 of these patients were in group 3 and had no bone lesions on either modality; and 5 patients (group 4) had lesions only identified by WBCT and not on CSS. Group 5 consisted of 14 patients (19%) who had a normal CSS and 5 of these patients had bone lesions detected by WBCT alone. Examples are shown in Figure 1 . Two patients had incidental renal masses identified which were surgically resected and found to be renal cell carcinoma (one example is shown in Fig. 2 ). Table 1 lists the patients in groups 1 and 2 who had tandem autologous or allogeneic HCT as well as salvage autologous or allogeneic HCT and/or maintenance therapy and they are similarly distributed between the two groups. Table 2 lists the patient and disease characteristics of Group 5 (negative CSS) compared to all other patients. No statistically significant difference was found between Group 5 and all the other patients including stage of MM, time from diagnosis to transplant, lines of chemotherapy prior to transplant or adverse cytogenetics. Having a negative CSS was the only significant factor on multivariate analysis for PFS and this was also maintained on multivariate analysis for OS ( Table  3, 4) . Additional significant factors on multivariate analysis for OS were DS stage IIIB and ISS II.
The impact of the added myelomatous bone disease findings detected by WBCT on PFS and OS were analyzed by comparing groups 1 versus 2, groups 3 versus 4, and group 5 versus all other groups (Table 5 and Fig. 3) . WBCT detected more myelomatous bone disease in 57% of patients than CSS but this had no impact on PFS or OS (Fig. 3, top  panels) . Nine patients had no myelomatous bone disease on the CSS or WBCT and their PFS and OS was the same as those who had bony lesions identified by WBCT alone (Fig.  3, middle panels) . It was only in the subgroup analysis of the 14 patients who had negative CSS (group 5) who had significantly better PFS and OS in comparison to all other patients who had bone disease detected by CSS (Fig. 3, bottom panels) .
Discussion
Recently there is a greater use of modern cross sectional imaging to define myelomatous bone disease, with some transplant centers using WBCT rather than CSS. The number of lytic bone lesions detected by CSS was found to be an independent predictor of survival in the DS staging system [6] . The significance of lytic lesions detected only by WBCT is unknown as is their impact on overall survival. Our study shows that although WBCT is more sensitive in defining existing myelomatous bony disease in MM, these additional findings may not have any impact on PFS or OS of MM patients after autologous HCT. Furthermore, it was only in the subgroup analysis of patients without any bone lesions on CSS that had significantly better PFS and OS when compared to all other patients. No statistically significant difference was found between Group 5 (negative CSS) and all the other patients with respect to stage of MM, time from diagnosis to transplant, lines of chemotherapy prior to transplant or adverse cytogenetics. Despite being retrospective, this study is unique in its uniform application of WBCT and CSS in MM patients undergoing initial autologous HCT and addresses the clinical implications of these additional findings.
The new International Staging System for MM is based on the serum β-2 microglobulin and albumin levels [7] . The IMWG guidelines stipulate presence of damage, specifically ROTI (hypercalcemia, renal insufficiency, anemia and lytic bony lesions on CSS) as being symptomatic MM and an indication for therapy [8] . Our study also suggests that indications for therapy should not only be based on lytic lesions detected by WBCT alone, but rather a combination of clinical findings, conventional skeletal radiography and laboratory values.
The Durie-Salmon PLUS staging system is based on the number of bony lytic lesions detected by modern cross-sectional imaging (by WBCT-PET or MRI of the spine and pelvis) integrated with the original DS staging system [13] . The concordance of the DS and the Durie-Salmon PLUS staging systems was examined in a study using whole body MRI versus conventional skeletal radiography to stage untreated MM patients [14] , 14% of patients were upstaged and 41% were downstaged but in a prediction of overall survival, the Durie-Salmon PLUS staging system was not better than the DS staging system. The overall survival was 33.6 months versus 33.5 months versus 31.6 months whether the patients were staged the same, down staged or upstaged and this was not statistically significant [14] . This is in contrast to a study of MM patients with osteoporosis measured by lumbar spine quantitative computed tomography who died an average of 18 months earlier than those without osteoporosis but only 11% of patients had HCT in that study [15] .
The prognostic implications of lytic lesions in MM are controversial. The bone marrow microenvironment is so altered at sites of bone destruction that new bone formation is rare despite a response to therapy [16] . Even patients responding to chemotherapy or in complete remission can have skeletal disease progression due mainly to increased osteoclast activity and suppressed osteoblast function, which accounts for the lack of healing of bony lesions [3, 17] . Healing of myelomatous bone disease has been seen in case reports of bortezomib, a proteasome inhibitor with important regulation of osteoblast differentiation, and this can happen irrespective of response to bortezomib [18] [19] [20] . In our study, WBCT and CSS were not done at diagnosis but upon referral to our transplant program within 30 days of the first autologous HCT. This was at a median of 7 months from diagnosis of MM. However, due to the pathogenesis of myelomatous bone lesions with lack of bone healing due to absence of new bone formation, the results are an accurate reflection of the extent of myelomatous bone disease [3, 16, 17] .
Whole body multidetector computed tomography (WBCT) has been shown to be more sensitive in detecting small osteolytic lesions (< 5 mm) in the spine as compared to whole body MRI and 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) [11, 12] . WBCT can detect early small lytic bone lesions in the vertebral bodies, scapulae, ribs and sternum ( Fig. 1) and determine the fracture risk better than CSS [21, 22] . In addition, over 30% of trabecular bone loss is needed before lytic bone lesions can be detected by plain films [21, 22] . This is significant because the most common areas of myelomatous bone disease are in the vertebrae, ribs, skull and shoulders [23] . WBCT is faster without a need for repositioning frail patients with bone pain; however, the cost of the WBCT is substantially more than CSS (at our institution WBCT costs $2,822 US dollars in comparison to $607 US dollars for CSS). The slightly higher radiation doses of the WBCT are not usually an issue in a disease that mainly affects the elderly. WBCT is nonspecific for osteopenia or osteoporosis. Although there is a risk of renal insufficiency if intravenous iodinated contrast is used in patients with MM, especially those with BenceJones proteinuria, this is not an issue in standard noncontrast WBCT. Also in our study, 2 patients were diagnosed with renal cell carcinoma after the finding of incidental renal masses on WBCT (Fig. 2) .
In conclusion, detection of bony lytic lesions by modern cross sectional imaging with WBCT alone may not have any impact on PFS or OS of MM patients undergoing HCT. Perhaps this is because the prognostic impact of myelomatous bony disease can only be fully defined by further understanding of the pathogenesis of the enhanced osteoclast activity and osteoblast dysfunction that characterizes multiple myeloma. Furthermore, our study suggests CSS should remain the gold standard radiologic method for all myeloma patients.
